









The Baylis-Hillman Reaction: An Overview
 The Baylis-Hillman reaction including its application to the synthesis of trisubstituted olefins is briefly reviewed. 
Introduction
Construction of a C–C bond is most fundamental requirement in the synthetic organic chemistry from its origin. The well-known C–C bond forming reactions are 
Aldol condensation reaction (1872), Friedel-Craft reaction (1877), Diels-Alder reaction (1928), Wittig reaction (1954) and Heck reaction (1968).
Recently, Baylis-Hillman reaction got serious attention as a novel and versatile C–C bond forming protocol after its discovery by two German scientists, A. B. Baylis and M. E. D. Hillman in 1972.
Baylis-Hillman Reaction:








R = alkyl, aryl, heteroaryl; R1 = H, COOR, Alkyl; X = O, NCOOR, NTS, NSO2Ph






Components of Baylis-Hillman Reaction
The Baylis-Hillman reaction requires three essential components, that is, the activated alkene, electrophile and the catalyst.
1) Activated alkenes: The most commonly used activated alkenes in Baylis-Hillman reaction are alkyl vinyl ketones, alkyl (aryl) acrylates, acylonitrile, acrylamides, vinyl sulfonates and vinyl phosphonates.
2) Electrophiles: Various aliphatic, aromatic and hetero-aromatic aldehydes have been used as a primary source of electrophiles in obtaining interesting Baylis-Hillman adducts. Also -keto esters, non enolizable 1,2-diketones, aldimine derivatives and activated alkenes have been employed as electrophilies in this reaction.
3) Catalysts: The most commonly used catalyst is DABCO (1). The other tertiary amine catalysts such as quinuclidine (2), 3-HQD (3), 3-quinuclidone (4) and indolizine (5) were also used to perform the Baylis-Hillman reaction. 

Application of Baylis-Hillman Reaction












Baylis-Hillman adducts are mostly exploited for nucleophilic substitution (SN2 and SN2’) and addition reactions. Nucleophilic substitution reactions of Baylis-Hillman adducts are commonly associated with the concomitant allylic rearrangement of the double bond which led to the formation of a variety of trisubstituted olefins stereoselectively. Various adducts have been employed for the stereoselective synthesis of different naturally occurring bioactive compounds including several alkaloids, terpenoids, macrolides and pheromones. All of these molecules contain a stereodefined trisubstituted olefin moiety as the central structural unit, which have been well documented in the literature.




Stereoselective Synthesis of Functionalized Trisubstituted Olefins by the Metal-mediated Reduction of Baylis-Hillman Adducts
This chapter is divided into two sections. 

SECTION A: Stereoselective Synthesis of [2E]-2-Methylalk-2-enoates and [2Z]-2-Methylalk-2-enenitriles and Its Applications
























Figure 1. Possible intermediates to account for the observed stereoselectivity.































































Thus, we have successfully utilized the potential of our developed methodology for the practical synthesis of three important insects pheromones.

SECTION B: Stereoselective Synthesis of [E]-α-Methylcinnamic and [2E]-2-Methylalk-2-enoic Acids and Its Applications














































         
Encouraged by this observation, we have then synthesized a series of (E)--methyl cinnamic and [E]-2-methylalk-2-enoic acids directly from various adducts without isolating the intermediates 30. The used reagents i.e. Al-NiCl2.6H2O in MeOH is useful for the synthetic purposes as per as the operational simplicities, overall yields and stereoselectivities are concerned. We have presented the synthetic applications of Al-NiCl2.6H2O in MeOH using Baylis-Hillman adducts. Infact, the efficiency of the protocol have been proved by the practical synthesis of compound 22, 24, 25, 26, 27 and 28 which have been discussed below. 
Potent anti-cholesterolemic drug LK-903 (22) was synthesized starting from 
























































Thus, we have utilized the potential of our developed methodology for the practical synthesis of two hypolipidemic agents LK 903 22 and 24, and of 25 which is a valuable synthon for the synthesis of serine protease inhibitor, N-allyl-N-[4-{(4-amidino phenoxy)-carbonyl}--methylcinnamoyl] glycine methane sulfonate 23.
We have given a modern and improved approach in every step during the synthesis of these molecules, unlike the classical approach, to enhance the overall yield and stereoselectivity of the target molecule.





























Stereoselective Synthesis of Functionalized Trisubstituted Olefins Introducing Heteroatom Nuclephiles (S, O, Br, Cl) to the Baylis-Hillman Adducts   
This chapter is divided into three sections.
SECTION A: Stereoselective Synthesis of [Z]- and [E]-Allylsulfides introducing Sulfur Nucleophile to the Baylis-Hillman Adducts and Its Applications
         In continuation of our work on the streoselective synthesis of functionalized trisubstituted alkenes using Baylis-Hillman protocol and its applications, we would like to synthesize different stereodefined trisubstituted allyl sulfides of synthetic need. Herein, we have reported an efficient stereoselective synthesis of [Z]- and [E]- allyl sulfides (16 examples) from Baylis-Hillman acetates in one-pot by treatment with benzenethiol in the presence of catalytic amounts of 15% aqueous NaOH and TBAI in DMSO at room temperature (Scheme 9).





          
                          

 During the studies, several 3-acetoxy-2-methylene-alkanoates (6) and 3-acetoxy-2-methylene-alkannitriles (7) were treated with benzenethiol in the presence of catalytic amounts of 15% aqueous NaOH and TBAI in DMSO at room temperature to generate different trisubstituted allyl sulfides. 








Figure 3. Possible TS models to account for the observed stereoselectivity.

Synthetic Application of Stereodefined Trisubstituted [Z]-Allyl Sulfides: A New Protocol for the Synthesis of (Z)-3-Benzylidenethiochroman-4-one

























From retrosynthetic analysis it was cleared that (Z)-3-benzylidenethiochroman-4-one moieties could be obtained from [Z]- allyl sulfides via their corresponding (Z)-3-phenyl-2-(phenylthiomethyl)acrylic acids. Accordingly, the [Z]-allyl sulfides 44a-e containing –COOMe group were converted into their corresponding acids 50 (5 examples) by base hydrolysis, followed by acidification (Scheme 11).
Scheme 11





Alternatively, the allyl sulfides 44f-i containing tert-butyl ester group were converted into their corresponding acids 50 (4 examples) by acid hydrolysis, treating with heterogeneous solid acid catalyst, Amberlyst-15 in CH3CN at reflux temperature.
      After successful transformation of [Z]- allyl sulfides 44a-e or 44f-i into their corresponding acids 50, we proposed to synthesize (Z)-3-benzylidenethiochroman-4-ones by developing a method of intramolecular Friedel-Crafts cyclization using (Z)-3-aryl-2-(phenylthiomethyl)acrylic acids as starting materials. For this purposes we used TFAA (trifluro acetic anhydride) as a promoter.








After successful synthesis of (Z)-3-(4-methoxybenzylidene)thiochroman-4-one (46), a potent antifungal agent, we have prepared a series of (Z)-3-benzylidenethiochroman-4-one (5 examples) by treating the acids 50 with TFAA in anhydrous DCM at reflux temperature for 1 h.
Thus first time we have demonstrated a stereoselective synthesis [Z]- and [E]-trisubstituted allylsulfides from Baylis-Hillman acetates under mild conditions. The method is associated with simple and inexpensive reagents. The high yields, short reaction time and excellent stereoselectivity are the other advantages of our methodology, which provides a convenient route to the synthesis of [Z]- and [E]-trisubstituted allylsulfides. 
          With a view to prove the efficacy and urgency of this protocol we have successfully applied the present protocol for the synthesis of some bioactive benzylidenethiochroman-4-ones.

SECTION B: Stereoselective Synthesis of [E]-Allylethers Introducing Oxygen Nucleophiles to the Baylis-Hillman Adducts and Its Applications.














Figure 4. Possible TS models to account for the observed stereoselectivity.

This demonstrates a stereoselective synthesis of [E]- trisubstituted allylethers from Baylis-Hillman acetates under mild condition using inexpensive reagents.  Although the yields are moderate but sole stereoselectivity is impressive fact of this methodology.
      To prove the efficacy and necessity of the present method we have applied this method for the synthesis of methyl ether derivative of bonducelline, a recently isolated bioactive natural product.

Synthetic Application of [E]- Trisubstituted Allylethers: An Alternative Protocol for the Synthesis of  Methyl Ether of Bonducelline, a (E)-3-Benzylidenechroman-4-one Heterocycle.








of bonducelline 53 is a recently isolated natural product from Caesalpinia pulcherrima which have antimicrobial activity. 















SECTION C: Stereoselective Synthesis of [2Z]-2-(Halomethyl)alk-2-enoates and [2E]-2-(Halomethyl)alk-2-enenitriles
         [2Z]-2-(Halomethylalk-2-enoates have been used as valuable synthons in the synthesis of a variety of important molecules such as micanecic acid, kijanolide, rennin inhibitor A-72517, and β-lactams. Similarly others bioactive molecules like, α-metylene-γ-butyrolactones and flavonoids have also been synthesized using [Z]-allyl halides derived from Baylis-Hillman adducts.	
The importance of [Z]- and [E]-allyl halides in the synthesis of several natural products deserved our attention. 
Introduction of Br¯ Nucleophile:
We thought to synthesize [2Z]- and [2E]- allyl bromides directly from unmodified Baylis-Hillman adducts using MgBr2 or LiBr as a halides donor in the presence of HClO4.SiO2, a heterogeneous Lewis acid catalyst of current interest. 













The stereochemistry of products was exclusively [Z]- when EWG = -COOMe, whereas [E]- was the major isomer (84-95%) when EWG = -CN.
    In conclusion, we have prepared the [Z]- and [E]- allyl bromides by treatment of Baylis-Hillman adducts with  magnesium or lithium bromides in CH2Cl2 using HClO4.SiO2 as a heterogeneous catalyst at room temperature. The mild reaction condition, shorter reaction times, convenient experimental procedure and inexpensive catalyst are the great advantages associated with this method. 























Figure 5. Possible TS models to account for the observed stereoselectivity.











Development of New Synthetic Methodologies
This chapter is divided into three sections
SECTION A: NaHSO4.SiO​2-catalysed Highly Efficient Conjugate Addition of Indoles with Electron Deficient Olefins
       Recently, heterogeneous catalysts have gained much importance due to enviro-economic factors. In connection to our work on the development of useful synthetic methodologies we have observed that silica supported sodium hydrogen sulfate (NaHSO4.SiO2) can catalyze efficiently the conjugate addition of indoles with electron deficient olefins to form the corresponding Michael adducts at room temperature (Scheme 18).
Scheme 18
                       





     A variety of indoles and activated olefins were used for the above reaction to prepare a series of 3-substituted indoles (18 examples) in high yields. Unsubstituted indole as well as indoles having substituent at C-2, C-3 or in the aromatic ring worked well. However, with 3-methyl indole C-2 substituent products were obtained and the yields were somewhat low. Several α,β-unsaturated ketones and nitro compounds were used here as activated olefins.
    The catalyst, NaHSO4.SiO2 works under heterogeneous conditions. This catalyst has been found to be highly efficient for the present conversion. It can conveniently be removed from the reaction mixture by simple filtration.
SECTION B: Iodine-catalyzed Efficient Conjugate Addition of Pyrroles to α,β-   Unsaturated Ketones







    Both 2-Alkyl pyrroles, 66 and 2,5-dialkyl pyrroles, 67, were obtained in different ratios in 73-95% yields (Scheme 19) when equimolar ratio of α,β-unsaturated ketones were taken with pyrrole (14 examples) at room temperature under the influence of 5 mol% of iodine.
        Dialkylated pyrroles were obtained solely by increasing the molar ratio of the reactants. The reaction of pyrroles with α,β-unsaturated ketones (1:3) in the presence of 5 mol% of iodine in CH3CN afforded only 2,5-dialkylated pyrroles, 67 (9 examples) in 74-91% yields within short reaction time at room temperature.
In conclusion, we have employed molecular iodine as an effective catalyst for the alkylation of pyrrole with α,β- unsaturated ketones. The procedure has the advantages of short reaction times, high yields, mildness and operational simplicity which make it a useful and attractive process for the synthesis of C-alkylated pyrroles.
SECTION C: Application of Heterogeneous Solid Acid Catalysts for Friedlander Synthesis of Quinolines












The catalyst, Amberlyst-15 is commercially available, inexpensive and non-hazardous. It works under heterogeneous conditions and conveniently be handled and removed from the reaction mixture by simple filtration. The recovered catalyst was reused three times consecutively showing almost equal catalytic activity.
     In conclusion, the application of various heterogeneous solid acid catalysts for the preparation of quinolines via Friedlander annulation has been studied. Amberlyst-15 has been demonstrated here as the most effective catalyst for this synthesis. The simple experimental procedure and impressive yields by applying this inexpensive reusable catalyst have made this protocol practically useful for the synthesis of quinolines.
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